an apparent pK a of ca. 6.7) suggested that neutral KC2 segregates from other components and forms an amorphous oil droplet in the core of LNPs. In this paper, we present evidence supporting the model proposed by Kulkarni et al. We studied KC2 segregation in the presence of POPC using molecular dynamics simulation, deuterium NMR, SAXS, and cryo-TEM experiments, and found that neutral KC2 has a high tendency to separate from POPC dispersions. KC2 confinement, upon raising the pH during the formulation process, could result in rearrangement of the internal structure of LNPs. As interactions between cationic KC2 and anionic endosomal lipids are thought to be a key factor in cargo release, KC2 confinement inside the LNP may be responsible for the observed low release efficacy.
Introduction
Lipid nanoparticles (LNPs) containing ionizable cationic lipids (ICLs) are among the leading drug delivery system candidates with promising applications for siRNA and mRNA delivery. [1] [2] [3] [4] One current limitation of these systems is the low release efficacy of siRNA, which has been estimated to be 1-2%. 5, 6 Transfection efficacy can be affected to a considerable extent by LNP size, surface composition, interior lipid distribution, as well as internal structure. 2, [7] [8] [9] The ICL component of these LNP-siRNA systems, with an apparent pK a of less than 7.0, 10 plays a critical role in siRNA entrapment, internal arrangement of biomolecules in the LNPs, and endosomal escape of the therapeutics. DLin-KC2-DMA, also known as KC2, is an optimized ICL with a reported apparent pK a of 6.7. 10, 11 This pK a ensures an efficient encapsulation of nucleic acid polymers at low pH, a nearly neutral surface charge for the LNPs in the circulation at physiological pH, and a high positive surface charge at endosomal pH. Electrostatic interactions between cationic lipids and naturally occurring anionic lipids in endosomal membranes have been proposed as the underlying mechanism of drug release for LNPs containing (ionizable) cationic lipids. 2, 10, 12 Thus, the presence of protonated KC2 on the LNP surface is assumed to be required for destabilizing the endosomal membrane and releasing siRNA. However, there are still discrepancies regarding the detailed internal structure and lipid distribution across this class of LNPs. 2, 13, 14 Previous work, using cryo-TEM, has shown that LNP-siRNA systems containing KC2 form structures with electron dense cores. 7, [13] [14] [15] [16] This electron-dense core was hypothesized to be the result of inverted micellar structures enclosing siRNA molecules generated through rapid-mixing procedure. 13, 15 More recently, it was determined that LNPs containing KC2 generated liposomal structures when the KC2 is protonated at pH 4, while forming electron-dense structures at pH 7. 
Methods
The deuterium order parameter (S CD ) profile for the POPC palmitoyl chain in POPC/KC2 and POPC/KC2H bilayers was measured from 2 H NMR and used to validate force field parameters for simulations of KC2. Both KC2 and its protonated state (KC2H) were parametrized using the CHARMM36 force field (C36 FF). 17 Bilayers composed of POPC and KC2 or KC2H
were simulated, and the S CD profiles for the POPC palmitoyl acyl chain obtained from simulations were compared with the corresponding profiles extracted from 2 H NMR experiments (ESI -section B.1 †). The 2 H NMR experiments were also used to determine the effect of KC2 and KC2H on the POPC bilayer structure. POPC/KC2 systems with four different mixing ratios (100/00, 90/10, 80/20, and 70/30) were studied at two pH levels (4.4 and 8.1), and at several temperatures ranging from 288 to 313 K (ESI -section C †). Simulations using the validated models were used to study the POPC/KC2 binary mixtures as a function of pH and mixing ratio [ Table S1 ] (ESI -section A.2 †). Systems with all the aforementioned mixing ratios were simulated at acidic, neutral and basic pH levels. Considering the pK a of ∼6.7 for KC2, the simulated POPC/KC2 systems, where all the KC2 were taken as neutral, correspond to pH levels of 7.4 to 8.1. Also, the POPC/ KC2H bilayers, with all the KC2 taken as protonated (KC2H), correspond to experimental systems at pH of ∼4.
Based on the results from MD simulations, additional SAXS experiments, cryo-TEM experiments and simulations were designed and conducted. SAXS experiments were used to measure the bilayer repeat spacing (d-spacing) in the POPC/ KC2 lamellar phase for several mixing ratios at basic pH values. Cryo-TEM experiments were conducted to detect possible KC2 segregation from POPC. In the cryo-TEM experiments, cholesterol was added to the POPC/KC2 and POPC/KC2H systems (ESI -section A.1.4 †) as binary mixtures POPC/KC2 or POPC/KC2H yield particles too small to image. Details on both SAXS and cryo-TEM experiments are provided in the ESI. † To investigate the effect of cholesterol and bridge the cryo-TEM and SAXS/NMR experiments, POPC/KC2/cholesterol (25/30/45) systems corresponding to the mixing ratio used in the cryo-TEM experiments were simulated for pH levels of 4.0 and 7.4 [ Table S1 ] (ESI -section A.2 †).
Results and discussion
In simulations, starting from a binary lipid mixture composed of POPC and neutral KC2 in a bilayer form, almost all the neutral KC2 segregated from POPC and incorporated into the hydrophobic interior between the two POPC monolayers [ Fig. 1a , pH 7.4]. In contrast, KC2H, with a net charge of +e, stays in the lipid-water interface and interacts with water molecules, ions, and POPC headgroups [ Fig. 1a, pH 4 ], at all temperatures and mixing ratios studied [ Table S1 †]. These observations in simulations were further investigated using cryo-TEM, 2 H NMR, and SAXS experiments.
The cryo-TEM micrographs of POPC/KC2/cholesterol dispersions are shown in Fig. 1b . These micrographs suggest that all particles regardless of KC2 content, displayed bilayer structures at pH 4.0, but not at pH 7.4. For systems with no KC2, raising the pH from 4.0 to 7.4 changed the particle structures from unilamellar vesicles to bi-and oligo-lamellar structures. When 30 mol% KC2 was added to the system, unilamellar vesicles but with qualitatively smaller sizes compared to the POPC/ cholesterol dispersions were formed. However, at pH 7.4 larger multi-lamellar vesicles with electron-dense cores were formed. The appearance of this electron-dense core upon increasing pH level supports the idea that KC2 separates from POPC and cholesterol, and leading to the formation of the oily cores. Furthermore, systems with 30 mol% KC2 at pH 7.4 formed particles that were larger than those formed with the same composition at pH 4.0, implying that particle fusion has occurred.
14 Taken together, the separation of POPC and KC2 is supported by cryo-TEM images of POPC/KC2/cholesterol mixtures [ Fig. 1b ]. Note that systems studied by cryo-TEM containing cholesterol are different from POPC/KC2(H) dispersions studied in simulations. The addition of cholesterol to POPC/ KC2(H) was necessary for the formation of nanoparticles that could be imaged easily (ESI -section A.1.1 †). Moreover, these systems are more directly related to actual LNPs because cholesterol is a major component of LNPs. 3 We simulated POPC/ KC2/cholesterol systems corresponding to the cryo-TEM experiments to determine whether the presence of cholesterol affects the KC2 segregation observed in the binary mixtures.
In the presence of 45% cholesterol in the simulations KC2 in its neutral form is confined in the bilayer interior, as observed in the binary mixtures [ Fig. 2 Fig. S4 †] . The broadening of scattering peaks upon the incorporation of KC2 implies that the lamellae are significantly less correlated than in pure POPC, as would be the case if they were interrupted by pools of KC2. As well, the increases in lamellar repeat spacing observed for POPC/KC2 multilamellar dispersions at pH 8.1 or 8.5 (ESI -section D †) are consistent with the interbilayer repulsion expected for the small amount of KC2H at these pH values. 20 Both simulations and experiments suggest that KC2 separates from POPC, but the distribution of KC2 in the system is not the same between two approaches. In simulations, the segregated KC2 lipids are confined within the bilayer center. This confinement results in a systematic increase in the POPC inter-leaflet distance [Fig. 3] ; from 3.72 nm to 4.18 nm, 4.44 nm, and 5.32 nm upon raising the KC2 molar fraction from 0% to 10%, 20%, and 30%, respectively. The KC2 incorporation in the bilayer center was not, however, supported by the SAXS experiments. Moreover, the neutral KC2 goes to the nano-formulation core in the cryo-TEM experiments [ Fig. 1b] . This difference in KC2 distribution between simulations and experiments might be a direct effect of periodic boundary condition in the simulation. The complete separation of KC2 to the aqueous phase is not energetically favorable (or allowed) due to the applied boundary condition. Indeed, in the simulations confinement into the bilayer interior is the only possible scenario, unless a massive system is simulated that allows (energetically speaking) the KC2 expulsion from the bilayer. KC2 incorporation into the POPC bilayer center is not, however, impossible, and might be the case for systems with low KC2 concentrations. There are experimental reports on alkanes segregating into the middle of bilayers, 21 or into the voids in inverted hexagonal structures. 22 Furthermore, there are reports on the confinement of water-soluble polymers into the center of bilayers composed of non-ionic surfactants.
23
There are also computational studies where partitioning of hydrophobic alkanes and polymers in the bilayer interior has been reported. 24 Although there are numerous examples on partitioning of both small and large drug molecules into the lipid membranes, 25 there is no simple explanation for KC2 separation from PC lipids. Simulations also suggest that the level of KC2 confinement was a function of KC2 concentration [Fig. 4 ]. That being said, the KC2 percentage confined in the hydrophobic section is higher for the system with a higher concentration of KC2. For the 10 mol% KC2, a few percent of the lipids could stay in the lipid-water interface but as the concentration of KC2 increased to 20 and 30 mol%, more and more KC2 were confined in the membrane center [Fig. 4 ].
These results suggest that an increase in pH from 4.4 to 7.4/8.1 causes the KC2 to separate from POPC. Results from POPC/KC2(H) and POPC/KC2(H)/cholesterol systems can be further related to the LNPs because phosphatidylcholine, KC2(H) and cholesterol are three major components of LNPs. Therefore, interactions between these molecules play critical roles on the internal structure and consequently the drug delivery efficacy of LNPs. However, LNPs are more complex and contain other molecules in their formulations. For instance, LNPs contain distearoylphosphatidylcholine (DSPC) which has two saturated acyl chains in contrast to POPC, and PEG-lipids which assist in stabilizing the LNPs. 3 These differences could result in different molecular behavior than what was observed in the simple model systems in this study.
Considering these limitations, our findings suggest that KC2 is the major component forming the oil droplets observed in the core of LNPs. 13, 14 As proposed elsewhere, 14 these oil droplets are expected to be stabilized by a lipid monolayer on the surface. It is likely that the other components (DSPC/cholesterol/PEG-lipid) contribute to the formation of a stabilizing surface monolayer. It is hypothesized that the movement of deprotonated ionizable lipid from the surface layer to the core of the nanoparticle results in a drastic shift in the required surface to core lipid ratio to maintain a stable LNP. Thus, as the core lipid accumulates, particle fusion continues until the surface of the LNP is decorated with the required amount of Fig. 3 Systematic increase in POPC inter-leaflet distance upon raising the KC2 concentration at basic pH. Symmetrized electron densities for the phosphorus atoms of POPC were calculated from the simulation for the systems with different mixing ratios at neutral/basic pH and T = 313 K. The horizontal axis shows the distance from the mid-plane of the bilayer in the direction normal to the bilayer surface. Each doubleheaded arrow represents the peak-to-peak distance for a mixing ratio, corresponding to the phosphate-to-phosphate (P-P) inter-leaflet distance. For the pure POPC at 313 K, the P-P distance is about 3.72 nm. lipid to maintain structural integrity. As shown previously, 14 the amount of KC2 present in the formulation dictates the particle size. The confinement of KC2 inside the LNP might also delay the detection of endosomal acidification, and a consequential delay in KC2 protonation and their transfer to the LNP surface. Lack of sufficient KC2H on the LNP's surface reduces the LNP's attachment to and effective interactions with negatively charged endosomal membrane.
Even though neutral KC2 segregates from POPC, KC2H stays in the POPC bilayer and interacts with other molecules in the lipid-water interface. 
Conclusions
Our results suggest neutral KC2 is segregated from POPC, while charged KC2H mixes with POPC in the lipid bilayer. KC2H affects the POPC head group orientation but had no effect on the bilayer thickness. The segregation of KC2 supports the recently proposed model for LNPs containing KC2. 14 The sequestration of KC2 from POPC might also explain why this class of LNPs suffers from low efficacy of drug release from endosomes. The protonated form of KC2(H) KC2
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